In the present study, a range of benzoxazinoid compounds and phenolic acids, all known to be allelochemicals of rye, were identified and quantified in 13 rye cultivars grown at three different localities. Plant samples were collected in the spring at the time when an autumn-sown rye cover crop would be incorporated into the soil. Significant variations in content among shoots and roots were seen for all of the secondary metabolites, with non-methoxy-substituted benzoxazinoids (BX) dominating the shoots, whereas comparable levels were found in the concentrations of BX and methoxy-substituted benzoxazinoids (MBX) in the roots. This distribution of compounds may indicate different biosynthetic pathways and/or different mechanisms of action of these compounds. Concentrations not only depended on plant part, but also on the geographical location -with differences in contents of up to a factor of 5. These differences can probably be attributed to differences in growing conditions. The variation among cultivars was similar to that among geographical localities, with differences within localities of up to a factor of 7 in the shoots and a factor of 14 in the roots. In roots, the contents of the four phenolic acids and the benzoxazinoid 6-methoxybenzoxazolin-2-one (MBOA) were correlated. In shoots, the contents of the two benzoic acids were correlated with each other, whereas the two cinnamic acids were correlated with MBOA and several other benzoxazinoids. The lack of correlation between MBOA and all other benzoxazinoids in the roots of rye might indicate that a hitherto unknown synthetic pathway exists for MBOA. The genes responsible for the synthesis of some of the benzoxazinoids have never been identified, and further gene expression studies are required to assess the observed correlation between the concentration of these compounds and other benzoxazinoids for which the responsible genes are known. The present study revealed a potential for breeding rye cultivars with a high content of biologically active secondary metabolites. However, growing conditions significantly influenced the level of these compounds.
The content of allelochemical compounds in cereals and the suppressive effects of these compounds on weeds, pests and diseases are of substantial interest in sustainable agriculture. Benzoxazinoids and phenolic acids are allelochemicals that are present in wheat (Triticum spp.), maize (Zea mays) and rye (Secale cereale). Benzoxazinoids include hydroxamic acids, N-O-methylated hydroxamic acids, lactams and benzoxazolinones ( Figure 1 ). Benzoxazinoids can be divided into non-methoxy-substituted and methoxysubstituted benzoxazinoids (BX and MBX, respectively; R 1 in Figure 1 ). Benzoxazinoids are involved in the defence of plants against fungi [1, 2] , insects [3, 4] and weeds [5] [6] [7] , and phenolic acids have shown antimicrobial activity [8] and effects on germination and growth of different plant species [9, 10] . Several studies have shown that benzoxazinoids and their metabolites can inhibit germination and the root growth of weeds. 2,4-Dihydroxy-7-methoxy-1,4-benzoxazin-3-one (DIMBOA) and its metabolite 6-methoxybenzoxazolin-2-one (MBOA) inhibit seed germination of Avena fatua, with DIMBOA being more potent than MBOA [11] . Similar findings were reported by Burgos & Talbert [12] comparing the activity of 2,4-dihydroxy-1,4-benzoxazin-3-one (DIBOA) and its metabolite benzoxazolin-2-one (BOA). In contrast, another study concluded that MBOA was more potent than its parent compound DIMBOA [13] . Rye has been used as green mulch due to its observed allelopathic effects -commonly expressed as "sanitizing effects" -on the soil [e.g. 14,15]. These allelopathic effects are attributable to the presence of a range of compounds in rye that leach into the soil and often are transformed by microorganisms following killing or incorporation of the plant material as green mulch [16] [17] [18] [19] [20] [21] [22] [23] [24] . Knowledge of the differences between cultivars in the production and exudation of allelochemicals in the young growth stage is obviously of importance, if the allelopathic properties of these crops are to be exploited. Nonetheless, studies on the content of benzoxazinoids and phenolic acids in different cultivars have mainly been performed in Triticum spp. [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] , whereas studies on the differences in concentrations of benzoxazinoids and phenolic acids in plant material of different rye cultivars are scarce. Hura et al. [35] included one rye cultivar (cv. Esprit) in their study of phenolic acids in different crop species. Rice et al. [36] compared the benzoxazinoid level at different growth stages of the rye cultivar Abruzzi. Reberg-Horton et al. [37] analyzed the content of one hydroxamic acid, DIBOA, in ten cultivars of rye at different growth stages. Burgos et al. [38] included two benzoxazinoid compounds, DIBOA and BOA, in a comparison of eight rye cultivars. Recently, Zasada et al. [39] analyzed the content of seven benzoxazinoids in 10-day-old plants of six rye cultivars, grown in pots in the laboratory. Up to now no studies have been published that investigated the contents of both benzoxazinoids and phenolic acids in different rye cultivars under influence of varying growing conditions.
The purpose of the present study was to identify and quantify a range of benzoxazinoid compounds and phenolic acids ( Figure 1 , Table 1 ) in 13 autumn-sown rye cultivars grown at three different localities. Plant samples were collected in the early spring around the time of sowing of spring-sown crops -that is, at the time when an autumn-sown rye cover crop would be incorporated into the soil. The growth stage of the rye plants at the time of sampling was 7-8 (Feeke's scale). The most abundant allelochemicals in the shoot tissue were DIBOA >> ferulic acid (FA) > BOA >> 2-β-Dglucopyranosyloxy-4-hydroxy-1,4-benzoxazin-3-one (DIBOA-Glc), whereas the most abundant allelochemicals in the root tissue were DIBOA > DIMBOA > MBOA > DIBOA-Glc > 2-hydroxy-7-methoxy-1,4-benzoxazin-3-one (HMBOA) > 2-β-Dglucopyranosyloxy-4-hydroxy-7-methoxy-1,4-benzoxazin-3-one (DIMBOA-Glc) > p-coumaric acid (CA) > BOA = FA = 2-β-D-glucopyranosyloxy-7-methoxy-1,4-benzoxazin-3-one (HMBOA-Glc) (Figures 2 and 3 (total concentrations of 1.0-4.0 μmol/g DM ; mean: 2.0 μmol/g DM and 0.3-4.7 μmol/g DM ; mean: 2.3 μmol/g DM , respectively), whereas about 8 times lower contents of phenolic acids were detected in this plant part (0.08-0.7 μmol/g DM ; mean: 0.32 μmol/g DM ). The two glucosides 5-OH-HBOA-Glc and DHBOA-Glc were not detected in any of the samples. A similar distribution of benzoxazinoids was found by Rice et al. [36] , with 150 times higher total contents of DIBOA, DIBOA-Glc and BOA (2.4 Significant variations (p<0.001) in content between shoot and root were seen for most of the secondary metabolites, whereas the distribution of HDMBOAGlc (p<0.05) and HBOA-Glc (p=0.08) between plant parts was less pronounced. The concentrations of glycosides of the BX were significantly higher in the roots than in shoots, whereas the concentrations of the corresponding aglycones were significantly higher in the shoot tissue than in the roots. This might indicate different methods of storage of these compounds. In contrast, the concentrations of all the BX were significantly higher in the roots than in the shoots. Of the phenolic acids, CA was found in significantly higher concentrations in the roots, whereas the opposite was found for the other phenolic acids.
Concentrations (μmol/g DM ) not only depended on plant part, but also on the geographical location -up to a factor of 5 in roots and a factor of 2 in shoot tissue in the contents of BX and phenolic acids, and up to a factor of 3 in the contents of MBX in both plant parts. The total concentrations of BX and phenolic acids in shoots and the concentration of MBX in roots were significantly (p<0.05, p<0.001 and p<0.05, respectively) higher at Tystofte than at Havreholm and Ny Lellinge (cultivars Carotorp, Evolo, Matador, Picasso and Rorik). In addition, concentrations of phenolic acids in the shoots and roots were significantly (p<0.01) lower in plants from Havreholm than in plants from Ny Lellinge and Tystofte. These differences can probably be attributed to differences in growing conditions, for example soil texture, availability of macro-and micronutrients, and climatic conditions. The variation among cultivars (μmol/g DM ) was similar to that among geographical localities, with differences within localities of around a factor of 2 in the contents of BX (2.0-2.5) and phenolic acids (1.7-1.8), and a factor of 2-7 in the content of MBX in the shoots. In roots, larger differences were found, with concentrations varying by up to a factor of 3-14 for BX, 2-4 for MBX and 2-9 for phenolic acids; the most pronounced variations of all groups of compounds were observed at Tystofte. Variations in shoot concentrations of the different rye cultivars were up to a factor of approximately 3 for DIBOA (6-19 μmol/g DM ), and up to a factor of approximately 6 for BOA (0.3-1.9 μmol/g DM ). Similar variations in the concentration of DIBOA (6-10 μmol/g DM at growth stage 5-6 (Feeke's scale), and 1-5 μmol/g DM at growth stage 7-10 (Feeke's scale)) have previously been found in ten cultivars of rye [37] , whereas others found larger variations -up to a factor of approximately 10 in eight rye cultivars -in the concentrations of both DIBOA (0.6-6.6 μmol/g DM ) and BOA (0.15-1.7 μmol/g DM ) [38] . Concentrations of phenolic acids in rye shoots varied among cultivars, with larger differences among cultivars of CA (0.05-0.18 μmol/g DM ) and FA (0.7-2.0 μmol/g DM ) than of HBA (0.04-0.07 μmol/g DM ) and VA (0.04-0.07 μmol/g DM ), which is consistent with earlier findings in wheat shoots [32] .
Principal component analysis (PCA) was conducted on all measured compounds in all cultivars at the three locations (Figure 4) . The plots clearly illustrate the difference among locations, with plant samples from Tystofte grouping together in the two score plots. In the root loading plot, almost all compounds are grouped in the right part of the plot, which corresponds to the varieties with the highest concentrations grouped in the right part of the root score plot. In the shoot loading plot, varieties and compounds are more evenly distributed in the plots and thus high-concentration varieties cannot be identified.
The biosynthesis of the basic benzoxazinoid compounds (HBOA, DIBOA, DIBOA-Glc, DIMBOA, and DIMBOA-Glc) has been revealed in maize (and found to be similar in wheat) [40] [41] [42] . The biosynthesis has not been investigated in rye, but could be assumed to have similarities, as these cultivars are closely related. PCA was also conducted on the concentration values of each compound in the five cultivars that were grown at all the research stations ( Figure 5 ) (mean concentration for each cultivar) to visualize the correlations between compounds. In roots, the four phenolic acids (FA, CA, HBA and VA) and the benzoxazinoid MBOA were correlated, whereas in shoots the two benzoic acids (HBA and VA) were correlated to each other, and the cinnamic acids (FA and CA) were correlated to MBOA and several other benzoxazinoids. The possible formation of MBOA during analysis due to degradation of HDMBOA-Glc has been discussed [43] . However, our earlier studies showed that with immediate freezing in liquid nitrogen upon sampling, HDMBOA-Glc is not degraded to MBOA [44] . The lack of correlation between MBOA and all other benzoxazinoids in the roots of rye might indicate that a hitherto unknown synthetic pathway exists for MBOA. The genes responsible for synthesis of HMBOA, HMBOA-Glc and HDMBOA-Glc have never been identified. The correlation between the concentration of some of these compounds and other benzoxazinoids for which the responsible genes are known requires further gene expression studies to be carried out. Søltoft et al. [44] showed strong correlations between HMBOA-Glc and DIMBOAGlc, HMBOA and DIMBOA-Glc, and HMBOA and HMBOA-Glc in wheat ears. In the present study, HDMBOA-Glc and DIMBOA-Glc were correlated in the roots of rye according to the loading plot ( Figure  5 ). DIMBOA and HMBOA were correlated both in roots and in shoots.
As can be seen in Figure 5 , there is a potential for breeding rye cultivars with a high content of biologically active secondary metabolites. If rye is bred for its weed suppressing abilities as green manure, it would probably be best to concentrate on shoot benzoxazinoid composition, but if it is bred for its general performance in the field, shoot and root benzoxazinoid composition could be of equal importance. However, Figure 4 also reveals that even though certain cultivars have a higher content (e.g. Carotorp, Matador and Picasso), growing conditions can significantly influence the level of these metabolites.
Experimental

Sampling of plants:
Five rye cultivars (Carotorp, Evolo, Matador, Picasso and Rorik) were sown in the autumn of 2005 at three locations on the island of Sealand in Denmark -Havreholm, Ny Lellinge and Tystofte. Additionally, the cultivar Agronom was cultivated at Havreholm and Ny Lellinge, and the cultivars Askari, Carotrump, Marcelo, Rassant, Recrut, Rotari and Visello were cultivated in Tystofte. Havreholm and Lellinge are located close to each other in the central part of the island, while Tystofte is located ca. 50 km from Lellinge close to the sea. At all locations winter rye was grown on a sandy loam soil. Fertilizer and pesticide regime was identical at Havreholm and Lellinge, but slightly different at Tystofte (Table 2 ). Approximately 100 g plant material (fresh weight) (2-3 plants) of each variety at growth stage 7-8 (Feeke's) was sampled at each site. Adhered soil was removed by washing the roots gently with water. Immediately thereafter, the samples were placed in dry ice (-80°C) to avoid decomposition of the glucosidic compounds and stored at -18°C until analysis. MeOH, 19% water and 1% glacial acetic acid (v/v). The protocol for the ASE extraction was the following: preheat for 5 min, heat for 5 min, static for 3 min, flush 80%, purge for 50 s, four cycles, pressure 107 Pa and temperature 80°C. Extracts were collected in vials, which were filled with eluent to the same total weight of 44 g for all extracts, and stored at -20°C until chemical analysis.
Chemical analysis of benzoxazinoids:
The method is based on that of Søltoft et al. [44] . The extracts were filtered on a Sartorius SRP 15 0. 45 
Quantification and method validation:
Pure reference compounds were used for identification of benzoxazinoids based on a comparison of fragmentation patterns in the mass spectrometer and retention times and for identification of phenolic acids based on molecular mass in the mass spectrometer, retention times and DAD absorbance. Standard curves were prepared for all the compounds and the standard curves were applied to a quadratic function with a weighting of 1/× as there were more data points at the lower part of the curve (correlation coefficient >0.99). Recovery trials with spiked samples were performed for the major part of the compounds, with the exception of HMBOA-Glc, HDMBOA-Glc, HBOA-Glc, DIBOA, 5-OH-HBOAGlc and DHBOA-Glc due to limited quantities of pure standards. The recoveries of the benzoxazinoids were acceptable at 59-118% and of the phenolic acids at 50-89%.
The detection limits were determined as 3 times the standard deviation of the replicate recovery experiments. The detection limits were as follows: DIBOA-Glc: The PCA model consists of a set of orthogonal axes determined as maximum variance directions with a common origin. Hereby, a score and a loading plot are generated illustrating a map of samples and variables, respectively, which gives information about the relationship between the samples or variables and the principal components (PC). The least-squares optimization principle is applied to find the first PC (PC1), which is the line that is the best simultaneous fit to all points. PC2 lies orthogonal to PC1 in the direction of the second largest variance. The score and loading plot are any two plots of PC against each other, but usually only PC1 and PC2 as they describe the largest coherence or variance [45] .
